INTRODUCTION
Prognostics for electronic products and systems has received increased attention due to its potential to provide early warning of impending failures, forecast maintenance, and reduce life cycle costs [2] . There are several approaches for the implementation of prognostics, including the monitoring of precursors to failure, use of canary devices [3] [4] [5] [6], and monitoring of environmental and usage conditions experienced by a product in its application environment. Prognostics uses data obtained through these methods along with damage models to assess the extent of deviation or degradation of a product from its expected normal operating condition due to environmental exposure during its service life and/or predict its remaining useful life.
Temperature cycling is a prominent reliability test for solders in electronic equipment [7] . Temperature cycle-induced solder interconnect fatigue is a process of crack initiation and propagation driven by cyclic mechanical strain in the solder arising from a coefficient of temperature expansion (CTE) mismatch between the component and the printed circuit board, as well as the solder and the solder interface.
Qiang Yu
Yokohama National University Yokohama, Japan qiang@ynu.ac.jp
In this paper, the efficacy of the use of temperature rise as a health assessment tool for solder interconnects degradation under thennal fatigue is demonstrated. The test specimens were insertion-mount varistors soldered with Sn99.3Cu+Ni (Ge) (SNIOOC) and conventional Sn37Pb solder. From the literature, SnCu alloys are one of the lead-free solders currently utilized by the electronics industry. They have the advantages of lower cost [8] and lower copper dissolution than SAC solders [9] .
SNIOOC is the dominant SnCu alloy currently in use. SNI00C is based on the SnO.7Cu solder and adds Ni-Ge to the composition. Compared with SnO.7Cu, SNIOOC has a smoother solder joint appearance, finer grains, and a better high temperature performance [10] [11].
The test specimens were subjected to temperature cycle tests with a temperature range of -40°C to 125°C, and resistance change was monitored. The damage assessment approach was demonstrated on the specimens exposed to 1500 and 4500 cycles. Constant direct current was passed through the test specimens and temperature rise was monitored, which was related to the thermal fatigue damage in the specimens.
Hence, a non-destructive technique for damage assessment of solder interconnects is demonstrated.
II.
TEMPERATURE CYLCING TEST To form a resistance network, the varistor components were shorted with a metal jumper wire that was connected to the two insertion mount lead wires. Test boards were subjected to a -40°C to 125°C temperature cycle test. Figure 2 shows the test specimen and the thermal cycling chamber for the test. The test boards were removed after being subjected to 750, 1500, 3000, and 4500 temperature cycles. No electrical failure was recorded in the insertion mount solder interconnects upon exposure to 4500 cycles. Similar findings were observed in the modeling of the test assembly using ca1ceSARA, where no failures were observed in the test specimens for up to 4500 cycles.
III. USE OF TEMPERATURE AS AN INDICA TOR OF SOLDER INTERCONNECT DAMAGE
After the thermal cycling tests on the specimens, the degradation due to thermal fatigue was assessed using the temperature rise due to the passage of electrical current. The approach for the health assessment of solder interconnects in varistors is discussed below.
A. Approach
It is known that the solder interconnect degradation under temperature cycling corresponds to an increase in resistance.
Thus, upon passage of electrical current, the components experiencing more damage would show a higher temperature rise, resulting from higher Joule heating. Based on this, a non destructive estimation of damage can be made by monitoring temperature rise due to Joule heating. In the present test, a constant direct current (DC) of 5 amps was applied to the specimens and temperature rise across the solder joints was recorded. A comparison of the temperature rise in specimens subjected to various durations of thermal cycling was made. Table 1 shows the test matrix for the study. In this paper, the comparison between test specimens exposed to 1500 and 4500 cycles is presented. for SNI00C and SnPb solder interconnects, respectively. It can be seen that the SNI00C solder interconnects exposed to 4500 cycles showed a higher temperature rise (up to � 15°C) than the ones exposed to 1500 cycles. Similarly, the temperature rise across SnPb interconnects exposed to 4500 cycles showed a higher temperature rise (up to � 15°C) than the ones exposed to 1500 cycles.
Next, optical inspection was conducted to examine the damage in the solder interconnects due to thermal cycling and related to the temperature rise due to Joule heating.
D. Optical Inspection
Optical inspection of the test specimens was carried out to assess the damage in the cycled specimens as a function of number of cycles. The damage can be seen in the form of grainier solder interconnects in the specimens with more damage. The change in surface appearance is in part due to oxidation from the elevated temperature exposure.
Hence, the optical inspection confIrms that the specimens with a higher temperature rise have incurred higher damage. respectively. It can be seen that the specimens exposed to 4500 cycles show more damage than the ones cycled for 1500 cycles. The damage can be seen in the form of grainier solder interconnects in the specimens with more damage. The change in surface appearance is in part due to oxidation from the elevated temperature exposure.
Hence, the optical inspection confIrms that the specimens with a higher temperature rise have incurred higher damage.
IV.
SUMMARY AND CONCLUSIONS
An approach for the health assessment of insertion mount varistors using temperature has been demonstrated. The thennal fatigue damage in the solder interconnects was assessed using the temperature rise method. It was found that the test specimens that experienced more damage as a result of a higher number of cycles showed a higher temperature rise under the passage of current. The temperature rise in the specimens corresponds to the resistance of the test specimens.
The specimens incurring more damage have higher resistance.
Hence, the Joule heat generated in these specimens is higher than in the specimens exposed to a lesser number of thennal fatigue cycles. The results of optical inspection validated these [mdings.
This approach can be extended to be used as a failure precursor of solder interconnects, where the remaining useful life of the solders can be predicted based on the temperature rise across the solder interconnects.
